Together, these findings indicate that V␣14͞V␤8.2 is a unique antigen receptor for NKT cells but not for conventional T cells. Because V␣14 NKT cell development was inhibited largely in mice that lack the MHC class I-like molecule CD1d, positive selection of V␣14-expressing immature NKT cells requires CD1d expression (14, 15) . Recently, it has been shown that glycolipid, ␣-galactosylceramide (␣-GalCer), and glycosylphosphatidylinositol-anchored proteins can be presented by murine CD1d (13, 16). Subsequently, it was demonstrated that NKT cells can recognize cellular lipids or purified phospholipids distinct from ␣-GalCer (17).
V
␣14 natural killer T (NKT) cells are characterized by coexpression of natural killer cell receptors and a single invariant T cell antigen receptor (TCR) encoded by V␣14 and J␣281 gene segments in association with a highly skewed set of V␤s, mainly V␤8.2 (1) (2) (3) (4) (5) (6) (7) (8) (9) . The invariant V␣14͞V␤8.2 TCR is not expressed on conventional T cells, and its expression is essential for V␣14 NKT cell development (10) (11) (12) . Consequently, deletion of the J␣281 gene segment results in the selective loss of V␣14 NKT cells [V␣14 NKT cell-deficient NKT knockout (KO) mice; ref . 12] , and the transgenic V␣14͞V␤8.2 receptor expressed in recombination-activating gene-1-deficient mice leads to the development of V␣14 NKT cells in the absence of other lymphoid populations [NKT transgenic (TG) mice; ref . 13] . Together, these findings indicate that V␣14͞V␤8.2 is a unique antigen receptor for NKT cells but not for conventional T cells. Because V␣14 NKT cell development was inhibited largely in mice that lack the MHC class I-like molecule CD1d, positive selection of V␣14-expressing immature NKT cells requires CD1d expression (14, 15) . Recently, it has been shown that glycolipid, ␣-galactosylceramide (␣-GalCer), and glycosylphosphatidylinositol-anchored proteins can be presented by murine CD1d (13, 16) . Subsequently, it was demonstrated that NKT cells can recognize cellular lipids or purified phospholipids distinct from ␣-GalCer (17) .
Although physiological functions of NKT cells remain obscure, some studies have suggested that NKT cells can control autoimmune diseases (18) (19) (20) (21) and Th1͞Th2 cell development (22) (23) (24) (25) (26) (27) , most likely by producing large amounts of IL-4 and IFN-␥ (9, 13, 28) . In addition, it has been shown that V␣14 NKT cells exert a major effector function in IL-12-mediated tumor rejection (12) . These findings suggest that NKT cells play important roles in regulating various immune responses. Previous studies have demonstrated mainly immune-activating functions of NKT cells especially when they were stimulated by ␣-GalCer. On the other hand, only a few reports have provided evidence for immune-suppressing functions of NKT cells. Sonoda et al. (29) demonstrated recently that CD1d-restricted NKT cells were required for the induction of systemic tolerance by anterior chamber-associated immune deviation. Similarly, it has been demonstrated that adoptive transfer or overexpression of NKT cells ameliorates diabetes in nonobese diabetic mice (21, 30) . Furthermore, Ikehara et al. (31) reported recently that NKT cells were required for the induction of tolerance against xenogeneic islet grafts in mice treated with mAb against CD4. However, possible mechanisms for the immune-suppressing function of NKT cells have not been clarified fully.
Here, we have evaluated the role of V␣14 NKT cells in allograft rejection and tolerance by using a murine model of transplantation. We found that V␣14 NKT cells play a critical role in the induction of vascularized cardiac allograft tolerance by blockade of lymphocyte function-associated antigen-1 (LFA-1)͞intercellular adhesion molecule-1 (ICAM-1) or CD28͞B7 interactions. Possible mechanisms for the tolerogenic function of V␣14 NKT cells are examined.
Materials and Methods mAbs and Reagents.
Hybridomas producing anti-LFA-1 and anti-ICAM-1 mAbs (KBA and KAT-1, respectively) were described previously (32, 33) . Hybridomas producing anti-B7-1 and anti-B7-2 mAbs (1G10 and GL1, respectively) were purchased from American Type Culture Collection (ATCC). Hybridoma producing anti-IL-4 mAb (11B11) also was purchased from ATCC. These mAbs were purified from ascites by using protein G column. mAbs against CD1d (1B1) and H-2K b (AF6-88.5, FITC-labeled) were purchased from PharMingen. An annexin V PE staining kit was purchased from PharMingen.
Mice. Specific pathogen-free WT C57BL͞6 (B6) and BALB͞c mice were purchased from Japan Clea (Hamamatsu, Japan). V␣14 NKT cell-deficient (J␣281Ϫ͞Ϫ) mice (NKT KO; ref. 12) were backcrossed to B6 mice by nine generations. V␣14 NKT cell (RAGϪ͞ϪV␣14tgV␤8.2tg) mice (NKT TG) with B6 background were described (13) . IL-4 deficient (IL-4 KO) B6 mice were provided by Kopf and colleagues (34) . IFN-␥-deficient (IFN-␥ KO) B6 mice were generated as described (35) . CD1d-deficient (CD1d KO) mice (14) were backcrossed to BALB͞c mice by nine generations. All animals were used in accordance with the guidelines of the University of Tsukuba.
Transplantation. For estimating bone marrow allograft rejection, bone marrow cells were collected from femur and tibia of BALB͞c donor and intravenously injected into WT or NKT KO B6 recipient mice that had received 8.5 Gy (J͞kg) total body ␥-irradiation. Engraftment was assessed on day 8 posttransplantation by counting the number of colonies in the recipient spleen after fixation in Bouins' solution. For estimating skin-graft rejection, full-thickness back skin (1 ϫ 1 cm) was collected from BALB͞c donors and grafted onto the thoracic walls of WT or NKT KO B6 recipient mice. Skin-graft survival was monitored daily, and rejection was defined as a complete necrosis of the skin grafts. For estimating cardiac-graft rejection, hearts were harvested from BALB͞c donors and transplanted into WT, NKT KO, IL-4 KO, or IFN-␥ KO B6 recipients by suturing donor aorta and pulmonary artery end to side to the recipient's abdominal aorta and vena cava, respectively (36) . Graft function was monitored daily by trans-abdominal palpation. Rejection was defined as a complete cessation of palpable beat and was confirmed by direct visualization after laparotomy. Some recipients were injected intraperitoneally with 75 g each of anti-LFA-1 and anti-ICAM-1 mAbs or 50 g each of anti-B7-1 and B7-2 mAbs daily for 5 days after transplantation (37) (38) (39) . Some NKT KO recipients were irradiated with 2 Gy and then transferred adoptively with 5 ϫ 10 6 splenocytes and 5 ϫ 10 6 bone marrow cells from NKT TG mice or 1.5 ϫ 10 7 splenocytes and 3 ϫ 10 7 bone marrow cells from WT, IL-4 KO, or IFN-␥ KO mice before the transplantation of BALB͞c cardiac allografts and mAb treatments. The 2 Gy irradiation step was performed to make space for the transferred cells and did not affect rejection (data not shown).
Mixed Lymphocyte Reaction. Splenocytes (2 ϫ 10 5 cells) from WT or NKT KO B6 mice were cocultured with mitomycin C-treated CD1d KO BALB͞c splenocytes (2 ϫ 10 5 cells) in RPMI 1640 medium supplemented with 5 mM Hepes͞100 units/ml penicillin͞100 g/ml streptomycin͞50 M 2-ME͞2 mM L-glutamine͞1 mM sodium pyruvate͞10% (vol/vol) FCS (JRH Biosciences, Lenexa, KS) in 96-well flat-bottomed microtiter plates in the presence or absence of 0.1, 1, or 10 g͞ml each of anti-LFA-1͞ICAM-1 mAbs or anti-B7-1͞B7-2 mAbs. In some cultures of NKT KO responder cells, 6,000 splenocytes from NKT TG mice were added to the culture to reconstitute NKT cells at 3% of the responder cells. Proliferative response was determined by adding 1Ci of [ Statistical Analysis. The statistical significance of differences was evaluated by Student's t test. P values less than 0.05 were considered significant.
Results
To examine the role of V␣14 NKT cells in allograft rejection, we transplanted heart, skin, or bone marrow grafts obtained from BALB͞c mice into WT or NKT KO B6 mice with no immunosuppression. As shown in Table 1 , the heart and skin allografts were rejected with similar kinetics in both WT and NKT KO mice. For bone marrow transplantation, we transplanted various numbers of bone marrow cells and estimated the degree of engraftment on day 8 by counting the number of colonies in the recipient spleen (CFU-S). As shown in Table 2 , there was no significant difference in CFU-S between WT and NKT KO recipients. These results indicate that V␣14 NKT cells do not play an essential role in the rejection of allografts.
Next, we explored the role of V␣14 NKT cells in cardiac allograft tolerance induced by administration of anti-LFA-1͞ ICAM-1 mAbs or anti-B7-1͞B7-2 mAbs. We have shown previously that donor-specific tolerance was induced by these treatments in mouse cardiac allograft transplantation (37) (38) (39) . When anti-LFA-1͞ICAM-1 mAbs were administered into WT B6 recipients for the first 5 days after transplantation, all BALB͞c cardiac allografts survived over 100 days (Fig. 1A) . In contrast, in NKT KO B6 recipients, all BALB͞c allografts were rejected within 37 days (Fig. 1 A) . However, when 1 ϫ 10 7 NKT cells from NKT TG mice (5 ϫ 10 6 spleen cells and 5 ϫ 10 6 bone marrow cells) were transferred adoptively into the NKT KO recipients, the survival of cardiac allografts was prolonged significantly so that 70% survived over 100 days (Fig. 1 A) . These results indicated that the presence of NKT cells in the recipients was essential for the long-term acceptance of cardiac allografts induced by blockade of LFA-1͞ICAM-1 interaction. We next administered anti-B7-1͞B7-2 mAbs, instead of anti-LFA-1͞ ICAM-1 mAbs, into WT or NKT KO B6 recipients. As shown in Fig. 1B , the long-term acceptance of BALB͞c cardiac allografts was observed only in WT mice but not in NKT KO mice. Collectively, these findings indicated that V␣14 NKT cells are essential for the induction of cardiac allograft tolerance by blockade of LFA-1͞ICAM-1 or CD28͞B7 interactions. BALB͞c heart or skin was transplanted to WT or NKT KO B6 mice, and graft rejection was monitored daily. The indicated numbers of B6 or BALB͞c bone marrow cells (BMC) were transplanted into 8.5 Gy irradiated WT or NKT KO B6 mice. Engraftment was assessed by counting the number of colonies in the spleen (CFU-S) on day 8.
To investigate the possible mechanisms by which V␣14 NKT cells contribute to the induction of allograft tolerance, we used IL-4-or IFN-␥-deficient mice to estimate the role of these cytokines. First, we transplanted BALB͞c cardiac allografts into IL-4 or IFN-␥ KO B6 mice and then treated them with anti-LFA-1͞ICAM-1 mAbs. As shown in Table 3 , all grafts were rejected rapidly in IFN-␥ KO mice. In three of six IL-4 KO recipients, grafts were rejected within 30 days but were accepted over 60 days in the rest. These results indicate that IFN-␥ plays an essential role in the induction of allograft tolerance by LFA-1͞ICAM-1 blockade. IL-4 also seemed to be important but not essential. Next, we adoptively transferred splenocytes (1.5 ϫ (Table 3 ). In the NKT KO mice transferred with WT cells, all grafts survived over 60 days, indicating that the transferred cells contained enough NKT cells to reconstitute the NKT KO mice. In the NKT KO mice transferred with IFN-␥ KO cells, most grafts were rejected within 6 weeks, as observed in NKT KO recipients (Fig. 1) . In contrast, in three of six NKT KO mice transferred with IL-4 KO cells, the grafts survived over 60 days (Table 3) . These results suggest that IFN-␥ produced by V␣14 NKT cells plays a more critical role than IL-4 in the allograft tolerance induced by LFA-1͞ICAM-1 blockade.
We next performed mixed lymphocyte reaction by using splenocytes from WT or NKT KO B6 mice as the responders and mitomycin C-treated splenocytes from CD1d-deficient BALB͞c (CD1d KO BALB͞c) mice as the stimulators to explore the regulatory role of NKT cells in vitro. We used CD1d KO BALB͞c mice lacking V␣14 NKT cells as source of the stimulator cells to completely exclude V␣14 NKT cells from the culture. The proliferative responses of splenocytes from WT and NKT KO B6 mice were almost comparable in the absence of anti-LFA-1͞ICAM-1 or anti-B7-1͞B7-2 mAbs (Fig. 2) . The addition of anti-LFA-1͞ICAM-1 mAbs efficiently inhibited the proliferative response of WT responder cells. However, the inhibitory effect of these mAbs was impaired markedly against the NKT KO responder cells. The addition of anti-B7-1͞B7-2 In experiment (Exp.) 1, WT, IL-4 KO, or IFN-␥ KO B6 mice were transplanted with BALB͞c heart and then treated with anti-LFA-1͞ICAM-1 mAbs. In Exp. 2, splenocytes (1.5 ϫ 10 7 cells) and bone marrow cells (3 ϫ 10 7 cells) from WT, IL-4 KO, or IFN-␥ KO B6 mice were transferred into NKT KO B6 mice before transplantation of BALB͞c heart and anti-LFA-1͞ICAM-1 mAbs treatment. Graft survival was monitored daily by palpation. mAbs also efficiently inhibited the proliferative response of WT responder cells, which again was impaired substantially against the NKT KO responder cells (Fig. 2) . When splenocytes obtained from NKT TG mice were added at 3% to this culture, the proliferative response of the NKT KO responder cells was inhibited by anti-LFA-1͞ICAM-1 or anti-B7-1͞B7-2 mAbs to an extent similar to that of the WT responder cells (Fig. 2) . These results indicated a critical role of V␣14 NKT cells in mediating the suppressive effect of these mAbs in vitro.
Recently, it has been reported that apoptosis of alloreactive T cells was required for induction of peripheral transplantation tolerance induced by costimulation blockade (40, 41) . Thus, we examined the possibility that the absence of V␣14 NKT cells may result in inefficient apoptosis in alloreactive T cells in our mixed lymphocyte reaction system. As reported, the proportion of apoptotic cells among responder cells from WT B6 mice was increased in the presence of anti-LFA-1͞ICAM-1 or anti-B7-1͞B7-2 mAbs (Fig. 3) . When cells from NKT KO were used as the responders, a similar increase of apoptosis by these mAbs was observed (Fig. 3) , suggesting that apoptotic deletion of responder T cells is not primarily responsible for the V␣14 NKT cell-mediated suppression.
Discussion
In the present study, we explored the contribution of V␣14 NKT cells to transplantation immunity. Because V␣14 NKT cells have been shown to kill target cells via perforin or Fas ligand (12, (42) (43) (44) , we first tested whether V␣14 NKT cells can function as effector cells for rejection of allografts. However, as shown in Tables 1 and 2 , V␣14 NKT cells appear not to be essential for rejection. Although V␣14 NKT cells can produce large amounts of IL-4 and IFN-␥ that can modulate CD4 and CD8 T cell functions, they do not seem to regulate alloreactive T cells during the course of allograft rejection in the absence of immunosuppressive treatment. Rather, the key role for V␣14 NKT cells in transplant immunity was found in the induction of allograft tolerance by blockade of T cell costimulatory pathways.
It has been well documented that receptor͞ligand pairs such as LFA-1͞ICAM-1, CD28͞B7, and CD40͞CD40L are essential for the initiation of T cell-dependent immune responses. Blockade of such interactions could effectively abort T cell expansion and promote long-term survival of fully allogeneic grafts (37, 38, 45, 46) . Several mechanisms for allograft tolerance have been proposed, including clocal deletion, anergy, ignorance, and suppression͞ regulation (47, 48) . However, the precise mechanism of allograft tolerance remains unclear. In this study, we found that V␣14 NKT cells are absolutely required for allograft acceptance induced by LFA-1͞ICAM-1 or CD28͞B7 blockade. The critical role of V␣14 NKT cells in mediating the immunosuppressive effect of these modalities was also substantiated in vitro.
One of the natural ligands for CD1d has been reported to be cellular glycosylphosphatidylinositol (GPI; ref. 16 ). The CD1͞NKT cell system has been reported to regulate IgG response against parasite-derived GPIs (49) , but this issue has been controversial (50) . It also has been demonstrated that NKT cells can recognize cellular lipids or purified phospholipids presented by the CD1d molecule (17) . In transplant immunity, glycolipid antigen has been implicated well in xenogeneic response (51) , but its significance in allogeneic response has been largely unknown. It is also unclear whether GPI-like glycolipid ligand for CD1d is involved in the immunoregulatory function of NKT cells. To address the possible contribution of glycolipid antigens for NKT cells to transplant immunity, we administered ␣-GalCer [which can activate selectively CD1d-restricted V␣14 NKT cells (13) ] to the recipients after allogeneic bone marrow or heart transplantation without the mAb treatment. However, ␣-GalCer showed little effect on the rejection (unpublished data). Although it remains to be determined how V␣14 NKT cells are activated to exert the immunosuppressive function during costimulation blockade, it will be interesting to further investigate an immunoregulatory effect of ␣-GalCer or other glycolipid antigens for NKT cells in combination with immunosuppressants.
It has been suggested that Th1͞Th2 balance may affect graft acceptance induced by costimulation blockade (52, 53) . Several groups have shown that the immune response to donor alloantigens in the recipients with long-term graft acceptance was deviated to Th2 (54) (55) (56) . However, recent studies by using IL-4-deficient mice have shown that IL-4 was not essential to induce tolerance by costimulation blockade (57, 58) . In contrast, IFN-␥ was critical for tolerance induction by the CD28 or CD40L blockade (59) (60) (61) . In this study, we also found that IFN-␥ is critical to induce allograft tolerance by the LFA-1͞ICAM-1 blockade but that IL-4 is not essential. Consistently, anti-IL-4 mAb administration (500 g͞day, for 5 consecutive days from the day of transplantation) after cardiac transplantation with anti-LFA-1͞ICAM-1 treatment did not abrogate the graft acceptance (unpublished data). These results indicate that the mechanism for tolerance induction cannot be explained only by Th2 deviation, but rather that IFN-␥ plays a critical role. IFN-␥ can be produced not only by NKT cells but also by natural killer cells and conventional alloreactive T cells. In this study, we have not definitively determined the source of IFN-␥ that is essential for tolerance induction. However, as shown in Table 3 , IFN-␥ produced by V␣14 NKT cells appears to contribute at least partially to tolerance induction. Our preliminary experiments indicated that V␣14 NKT cells activated by ␣-GalCer produce other suppressive cytokines, including TGF-␤, IL-6, and IL-10. It is also noteworthy that there is considerable evidence that TGF-␤ plays a critical role in the induction and͞or effector function of regulatory T cells in anterior chamber-associated immune deviation (62, 63) , in which CD1d-restricted NKT cells were demonstrated recently to be required for the development of systemic tolerance (29) . The effector molecules of the V␣14 NKT cell-mediated suppression of allograft rejection remain to be identified. Cytokine production profiles of V␣14 NKT cells of mice undergoing allogeneic transplantation and costimulation blockade treatment may be worth determining.
The present findings have important implications for clinical transplantation. For example, it has been reported that immunological tolerance could be induced after orthotopic liver transplantation (64, 65) . Because the liver contains relatively high numbers of NKT cells, it may be interesting to determine whether the tolerogenic feature of the liver is conferred by NKT cells. Furthermore, previous reports suggested that NKT cells may play a regulatory role in some autoimmune diseases, such as type 1 diabetes in nonobese diabetic mice (21, 30) , systemic sclerosis (19) , and rheumatoid arthritis (66) . The blockade of LFA-1͞ICAM-1 or CD28͞B7 costimulatory pathways has been shown to exert ameliorating effects in various animal models of these autoimmune diseases, to which NKT cells may also make a critical contribution. Further studies are needed to address this possibility.
